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Sone  inetallographic  observations  relating  to 
the  fatigue  of  netals. 

by 

F.J.E.  tbrsyth,  A.X.H. 
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SUMMARY 

Observations  have  been  made  on  the  n&crostructur©  of  netals  subjec¬ 
ted  to  fatigue  stresses.  The  changes  observed  include  the  appearance 
of  defoliation  bands  and  crystallites  in  the  original  grains. 


A  ^edification  of  the  fatigue  process  occurs  at  high  stresses  where 
the  rapid  formation  of  crystallites  causes  a  isido  spread  disturbance  of 
the  grains. 
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1  Introduction 

rhastlrg  theories  of  fatigue  assmc  that  the  process  of  work  harden¬ 
ing  takes  place  on  the  slip  planes  of  the  metal  crystals  until  cracking 
occurs  if  the  stress  is  sufficiently  high.  No  distinction  has  been  ' 
drawn  between  fatigue  at  high  and  lov;  stresses  as  it  has  been  assumed 
that-  the  deformation  was  associated' with  slip  alone;  the  degree  of 
stressing  would  then  only  control  the  rate  of  work  hardening  and  the 
fatigue  life  of  the  specimen .  The  characteristic  shape  of  the  fatigue 
curve  for  a  metal  might  suggest  that  two  mechanisms  were  in  operation, 
but  the  complex  nature  of  the  strain  hardening  process  has  provided  an 
alternative  explanation.  0 reward  has  pointed  out  that  the  slope  of  the 

stc<£>  part  of  the  logS  log  n  curve  obtained  by  theoretical  considera¬ 
tions  based  on  the  rate  of  work  gardening  of. plastic  regions  within  the 
metal  crystal  is  approximately  1  '..bile  that  obtained  flora  actual  fatigue 
tests  13  rarely  greater  than  0.5.  Here  again,  the  complexity  of  the 
mechanism  of  strain  hardening  and  tho  over  simplification  of  the  function 
by  the  use  of  a  static  strain  hardening  coefficient  has  been  realised. 

Gough^  has  mctallographically  examined  different  metals,  mainly  in 
the  form  of  single  crystals,  end  has  concluded  that  the  process  of 
fatigue  as  one  of  strain  hardening  by  slip  on  tho  operative  glide  planes 
of  the  crystals  until  cracks  occur  on  these  planes.  From  this  he  has 
concluded  that  tho  strain  hardening  process  is  identical  with  that  of  a 
crystal  subjected  to  a  static  stress.  He  resolves  tho  problem  of 
fatigue  cracking  into  one  of  cohesion  between  the  metal  atems  which  will 
only  be  solved  when  tho  complete  theory  of  static  rupture  strength  has 
been  evolved.  Gough  ha3  also  suggested  that  slip  is  accompanied  by. 
fragmentation  of  tho  original  metal  crystal  into  small  crystallites  in 
tho  region  of  tho  planes  where  slip  has  occurred,  and  that  theso  crystal-  <- 
lites  suffer  a  slight  rotation  or  ro-oricnt&tion  from  the  original  crys¬ 
tal  direction,  tforc  recent  evidence  of  crystal  break-up  under  stress 
has  boon  put  forward  by  Wood  and  Rachlrgcr^,  CahrA,  and  others. 

In  the  present  work  a  siuay  has  bCGn  made  of  crack  formation  and 
propagation  in  a  high  purity  A!  wain  turn  -  Silver  alloy,  commercial 
purity  copper,  and  Arm co  iron,  the  majority  of  tho  tests  having  been 
made  on  tho  first  mentioned  materiel.  Alloys  of  tho  Alminim-Silvcr 
syston  had  already  been  selected  for  a  creep  investigation  being  under¬ 
taken  in  tho  Department  in  view  of  the  range  of  solid  solubility  of 
silver  in  elwuinim  being  convenient  for  the  study  of  the  properties  of 
single  phase  and  duplex  structures,  end  because  of  tho  similarity  in 
sine  of  the  Aluminium  and  Silver  atoms  and  the  negligible  solid  solution 
hardening  resulting  from  this.  For  tho  sene  two  reasons  the  Aluninium- 
Silvcr  system  offer 3  a  convenient  range  of  alloys  for  tho  study  of 
fatigue. 

She  eb  s  ervat  ion  s' were- made  in  small  poly  crystalline  specimens,  tho 
work -of  Gough  and  others  having  established  tho  close  identity  of  the 
mode  of  failure  in  single  .and  polycrystalline  specimens.  To  allow 
continuous  examination  of  tho  specimens  while  undergoing  fatigue' tests 
tho  technique  described  in  R.A.S.  Report  Ho  .Met  09  was  employed,  using 
stroboscopic  illumination.  The  specimens  were  vibrated  until,  in  most 
eases,  failure  in  tho  Ibtm  of  cracking'  occurred.  'As  tho  alloy  had  a 
voxy  low  proof  stress  it  tended  to  creep  during  tho  tost  and  thus  upset 
tho  vibrator  sotting.  This  was  overcome  fy  thb -provision- of  a  spring 
to  oppose  tho  pull  of  the  electromagnet  thus  in  effect  making  it  a 
constant  strain  machine. 
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2  Heat  treatment  and  preparation  of  specimens 

Aluninltr.;  4^  Silver  alloy:  Cold  rolled  to  specimen  thickness  of 
2  rm  from  £‘‘  diameter  extruded  bar,  machined,  and  then  heat  treated  for 
hours  at  4^5°C  followed  by  a  cold  water  quench.  The  grain  size  was 
approximately  0.2  so  diameter. 

Comercial  copper:  Cold  rolled  to  specimen  thickness  fron  if'  dia¬ 
meter  bar,  machined/  an!  then  heat  treated  for  2  hours  at  800°C  in  a 
nitrogen  atmosphere.  (This  heat  treatment  produced  a  grain  size 
approximately  equal  to  that  of  the  Ai-Ag  specimens) . 

Armco  iron:  Cold  rolled  to  specimen  thickness  free*  7?  plate. 
Annealed  for  2  hours  at  9C0°C  in  nitrogen  atmosphere. 

The  specimens  wero  all  eleetropolished  without  any  grinding  opera¬ 
tion  after  the  annealing  treatment  to  ensure  that  no  worked  surface 
layer  existed.  They  were  tested  an  the. polished  condition  so  that  sur¬ 
face  movement,  such  as  slip,-  could  more  readily  be  detected.  After 
testing,  they  were  etched.  The  reagents  found  most  suitable  were:- 

Aluminim  -  ^5  Silver  alloy  -  50*  H?  in  water  followed  by  a  cone. 

HNGjj  cleansing  dip- 

Commercial  copper  -  Fe  Cl^  *  HC1  in  alcohol 

Armoo  iron  -  2^  Nital 


3  The  effect  of  the  surface  film  formed  during  elect roooli  shin g  on 

the  appearance  of  the  fatigued  specimen 

Thin  has’bccn  the  subject  of  a  recent  paper  by  Wilms^.  We  have 
also  observed  the  narked  effect  of  a  surface  film  formed  on  the  A1  Ag 
alloy  during  electropolishing  of  the  specimens.  This  film  could,  how¬ 
ever,  be  readily  removed  by  short  dip  in  the  etching  reagent  described 
above  for  this  material.  On  investigating  the  effect  of  this  film  on 
the  surface  appearance  of  a  fatigued  crystal,  it  was  found  that  the  film 
greatly  impeded  the  appearance  of  slip  bands,  whereas  a  specimen  with 
tho  film  removed  showed  fine  slip  bands  after  the  slightest  deformation. 
In  fact,  the  large  nmber  of  slip  bands  in  the  latter  specimens  obscurrcd 
the  detail  of  other  .forms  of  deformation  which  was  observed  on  specimens 
fatigued  with  the  film  in  situ.  Hcpollshing  to  remove  tho  slip  bands 
revealed  again  tho  forms  of  deformation  which  had  occurred  and  which 
will  be  described  later.  J 

4  Microscopic  examination  of  materials  before  testing 

Alminim  jf/o  Silver  specimens:  Tho  structure  consisted  of  a  com¬ 
plete  solid  solution  of  equi-axial  grains  and  was 'practically  free  from 
particles  with  the  exception  of  a  few  isolated  stringers,  v/hich  did  not 
interfere  with  the  observations. 

Copper  specimens:  These- consisted  of  twinned  equi-axial  grains. 

Armcp_irpn  specimens:  These  consisted  of  equi-axial  recrystallised 
grains.  A  few  residual  grain  boundaries  suggested  that  a  much  longer 
annealing  time  would  bo  required  to  oomplotely  remove  traces  of  tho  for¬ 
mer  structure. 
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5  Distortion  produced  by  static  stresses 

Figure  1  shows  tho  appearance  of  slip  bands  produced -by  static 
stresses.  The  shear  displacement  oh  the  slip  planes  can  be  clearly 
seen  at  the  edge  of  tho  specimen .  This  represents  the  classical  idea 
of  glide  on  the  operative  slip  pianos.  Although  these  slip  bands  arc 
sharply  defined  at  XI 500  magnifications  they  are  generally  considered 
to  be  many  atomic  planes  thick.  According  to  Taxman  the  only  pos¬ 
sible  means  of  domination  is  by  slip  or  twinning,  but  recent  work  has 
shown  that  other  forms  of  deformation  nay  occur.  5iem7  has  shown  that 
doformavion  in  f>  brass  docs  r.ot  take  place  by  slip  on  any  definite 
crystal  piano  but  is  brought  about  by  movements  of  a  complicated  nature. 
Those  movements  produce  bands  in  the  crystal  some  having  a  different 
orientation  to  that  of  the  original  crystal  and  others  thought  to  be 
layers  of  more  highly  strained  material.  A  mechanism  of  deformation 
termed  ’Kinking’  has  been  described  by  0 rowan 8,  and  he  considers  that 
there  arc  many  indications  that  deformation  bands  in  metals  hitherto 
considered  glide  or  twin  bands  nay  be  in  reality  ’Kink’  bands.  The 
me  jh-nisa  of  flexural  glide  either  with  or  without  accorrpcnying  relaxa¬ 
tion  in  the  form  of  polygoni saticn^  can  also  be  considered  as  a  possible 
form  of  deformation.  The  result  of  any  of  the  latter  forms  of  deforma¬ 
tion  will  be  local  variations  in  orientation,  whereas  pure  glide  will 
cause  no  such  change.  These  variations  may  be  very  small  and  difficul¬ 
ties  in  detection  may  therefore  be  experienced. 

Possible  methods  of  rcvecling  local  variations  in  orientation  by 
nctallogrcphic  means  include,  (o)  by  detecting  differences  in  surface 
level  on  tho  polished  surface  (b)  by  preferentially  etching  areas  having 
a  different  orientation,  or  (c)  by  the  use  of  an  etching  reagent  vdich 
is  sensitive  enough  in  its  attack  to  reveal  boundaries  where  the  differ¬ 
ence. in  orientation  b c  tween  adjacent  areas  is  very  saall. 

Tho  second  method  will  produce  ’  stepped*  boundaries,  and  although 
tho  difference  in  level  may  be  very  slight  it  could  in  the  present 
investigation  bo  reveled  by  stopping  down  the  light  source  and  thus 
reducing  the  effective' nunc ricrl  aperture  of  the  microscopo  objective. 
Tho  effectiveness  of  the  third  method  till  depend  on  tho  differences  in 
orientation  at  the  boundaries.  Lacorcbe  end  Bcaujard°  have  shown  that 
tho  etching  effect  becomes  negligible  if  tho  difference  in  orientation 
is  only  about  1°  or  less.  Docombo  has  used  reagents  which  produce 
etch  pits  to  reveal  those  ’difficult'  boundaries,  tho  boundaries  being 
outlined  by  these  pits. 

6  Distortion  effects  produced  by  *~lio  stresses 

t\lng  and  Humphrey1®  were  tho  first  to  make  a  study  of  tho  rnicro- 
structurol  changos  brought  about  by  cyclic  stressing.  Their  observa¬ 
tions  led  them. to  suggest  on  ’'attrition”  theory  of  fatigue  in  which  tho 
repeated  applications  of  an  unsafo  stress  produced  repeated 'slip  resul¬ 
ting  in  attrition  of  tho  slip  plonc3,  this  attrition  eventually  lod  to 
cracking  end  ultimate  failuro.  Shis  suggests  that  if  slip  occurs  then 
ultimate  fracture  must  follow,  but  it  has  been  found  in  the  present 
scries  of  tests  that  appreciable  plastic  deformation  oocur3  oven  at 
stresses  below*  tho  safe  range  estimated 'on  a  basis  of  150  *  10®  cycles. 
Strain  hardening  occurs  bedoif  and  cbovo.tho  fatigue  limit,  suggesting 
that  slip  is  not  a  weakening  process  and  therefore  tho  attrition  theory 
doos  not  seen  tenable.  For  example  specimens  of  the  Aluminium  ^ 
Silver  alloy  has  been  fatigued  at  a  certain  stress  for  moro  than  150  x 
1C£  cycles  and  many  slip' bends  were' apparent  after  this  treatment  but 
no  additional  slip  bands  or  signs'"  of  cracks  wore  observed  suggesting 
tfyat,  the  slip  process  had  hardened  tho  materiel  sufficiently  to  moke  it 
resistant  to  further  slip  at  that  particular  stross.  Under  thoso 
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conditions  it  would  appear  that  the  material  would  not  deteriorate  far¬ 
ther.  Specimens  fatigued  at  slightly  higher  stresses  showed  more 
marked  slip,-  and  one  which  failed  after  150*  1G&  cycles  is  shown  in 
Figure  2.  In  the  as  polished  and  fatigued  condition  the  specimen  dif¬ 
fered  from  the  previous  one  in  the  mraber  of  slip  bands  present  and  in 
their  more  marked  appearance  in  the  region  where  failure  had  occurred, 
if  both  specimens  were  electro  polished,  however,  the  slip  bands  were 
removed  -leaving  a  featureless  surface.  itching  this  surface  revealed 
deformation  bonds  and  small  crystallites  in  the  specimen  which  had 
cracked,  although  none  could  bo  detected  in  the  un cracked  specimens. 

The  deformation  bands  were  very  clearly  defined  in  some  cases,  see 
Figure  3,  hut  were  more  usually  irregular-  These  bands  seen  to  coin¬ 
cide  with  the  surface  3triations  which  were  observed  in  specimens  fati¬ 
gued  at  higher  stresses  with  the  polishing  film  still  in  situ.  It 
seems  now  that  these  striations  were  deformation  bands  which  hod  been 
rendered  apparent  by  the  absence  of  slip  bands  on  the  surface.  The 
normal  light  microscope  working  with  a  greatly  reduced  H.A.  is  extremely 
sensitive  to  differences  in  lovcl  of  the. surface  of  a  highly  polished 
specimen.  A  fringe  pattern  of  a  crystal  containing  these  striations  is 
shown  in  Figure  4.  From  the  pattern  it  can  be  seen  that  the  striations 
aro  of  a  corrugated  or  undulating  nature,  the  difference  in  level  from 
crest  to  trough  being  about  0.3n-  The  usual  slip  bands  as  produced  by 
static  stressing  show  as  sharp  steps  in  the  fringe  pat  tore  and  vrould 
therefore  be  clearly  distinguishable  frets  these  striations.  Fatigue  . 
tests  were  made  at  various  stresses  and  it  was  found  that  as  the  stress 
was  increased  more  marked  deformation  bends  appeared,  end  the  slip  which 
appeared  marked  near  the  fatigue  limit  now  seemed  to  be  of  secondary 
Importance.  ^  In  specimens  with  tho  surface  .film  no  slip  bands  appeared 
except  at  the  lower  stresses,  although  tests  made  with  the  film  removed 
showed  that  they  were  produced  at  all  stress  levels.  It  seems  from 
thi3  that  an  annealed  crystal  will  slip  freely  until  it  has  been  suffi¬ 
ciently  hardened  by  this  slip.  If,  however,  the  stress  is  high  enough 
for  the  formation  of  these  deformation  bands  the  clip  process  is  greatly 
impeded  and  becomes  a  secondary  process.  Tests  made  on  specimens  at 
the  hi^cr  stresses  showed  that  these  deformation  bands  gave  t.'oy  to  an 
even  larger  scale  deformation.  Figure  5  shows  these  striations  and 
Figuro  6  show's  the  more  widespread  deformation  v/hich  occurs  at  the 
higher  stresses,  this  surface  having  been  repolished  to  remove  the 
marking  slip  brftds  and  then  etched.  £ne  .ridges- end  furrows  which  occur 

in  this  type  of  deformation  often  run  along,  or  parallel  to,  the  grain 
boundaries  and  ere  not  associated  with  tho  crystal  planes.  From  this 
it  can  be  seen  that  three  fom3  of  deformation  aro  oceuxing  and  the 
predominance  of  any  one  will  depend  on  the  stress  level  at  which  tho 
material  is  being  fatigued.  Earlier  it  was  shewn  that  these  deforma¬ 
tion  bands  could  bo  revealed  by  etching  because  of  tho  slight  differ¬ 
ences  in  orientation  that  exist  in  tho  crystal.  It  can  be  seen  from 
Figuro  6  that  the  deformed  areas  coosist-of  many  mooli  crystollitos; 
tho  new  boundaries  of  those  crystallites  arc  more  clearly  shown  in 
Figures  ?  and  Q  end  appear  to  follow  tho  contours  of  the  ripplos,  as 
can  bo  seen  in  Figuro  6.  Tho  widespread  deformation  seems/  therefore, 
to  be  associated  with  tho  formation  of  crystallites,  the  procosc  of 
crystallite  formation  allowing  further  deformation  to  occur. 

Fatigue  tests  on  copper  specimens  have  shown  that  slip  is  very 
narked  as  is  also  crystallite  formation,  especially  when  associated  with 
the  slip  pianos.  At  tho  higher  stresses  a  moro  general  form  of  defor¬ 
mation  ifith  smell  very  clearly  dofined  crystallites  is  also  observed. 

It  would  scorn  therefore  that  both-.thc  Alumlnim-Silver  alloy  and  copper 
bchavo  in  much  the  seme  way  when  subjected  to  cyclic  stresses. 

Figures  9  end.  10  show  crystallites  associated  with  slip  bands,  and 
Figure  11  shows  the  more  .deeply  ctchea  crystallites  which  occur  at  the 
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higher  stresses.  All  the  copper  specimens  showed  a  marked  mosaic  pat¬ 
tern  which  can  be  seen  in  the  background.  This  was  only  revealed  m 
the  material  that  had  been  subjected  to  cyclic  stressing.  Figure  12 
shews  the  mosaic  pattern  produced  at  a  low  stress  level,  the  higher 
stresses  producing  a  finer  mosaac.  The  Artaoo  iron  specimens  showed 
similar  crystallite  formations' to  those  observed  in  the  Aluainira  -  & 
Silver  alloy  specimens.  A  typical  region  of  crystallites  is  shown  in 
figure  13  The  surface  of  Aluminium  -  Silver  specimens  after 
fatiguing  at  a  high  stress  level  are  shown  in  figures  I4-I6.  The 
cellular  network  pattern  which  was  often  observed  on  the  polished  sur¬ 
face  after  being  fatigued  is  shewn  in  Figures  14,  15  and  16.  It  can 
be  seen  that  the  cellular  structure  appears  in  areas  of  crystallite 
formation  and  that  c omo  snail  crystallites  presumably  of  a  favourable 
orientation  for  slip  show  this  structure  very  clearly.  The  specimen 
shown  in  Figure  1 4  Was  fatigued,  repolished,  and  etched  to  reveal  the 
crystallites.  The  repolishing  and  etching  treatment  removed  all  evi¬ 
dence  of  the  cellular  pattern  but  after  further  fatiguing  it  reappears 
in  certain  crystallites  indicating  that  further- deformation,  and  pos¬ 
sibly  further  crystal  breakdown  was  occurring.  Figure  15  shows  an  area 
of  this  structure  at  a  higher  magnification  frea  which  it  can  be  seen 
that  appreciable  differences  in  orientation  occur  throughout  the  area. 
Some  of  those  areas  differ  in  orientation  by  as  much  as  1C°. 

7  Boundary  movement 


A  notice  sole  effeot  of  the  fatigue  stresses  on  the  structure  was 
the  movement  of  grain  boundaries.  Thus,  boundaries  v.hich  were  ini¬ 
tially  invariably  straight  or  smoothly, curved,  were  of  irregular  shape 
after  being  fatigued.  This  is  shown  in  Figures  17  and  18  where  it  can 
be  seen  that  the  irregular  nature  of  the  boundary  is  associated  with 
the  deformation  bands  which,  wore  present  in  Aluminium  -  %/>  Silver  alloy 
specimens.  Figure  19  she.. 3  a  similar  effect  in  Amco  iron.  It  was 
noticed  that  the  effect  was  more  marked  if  the  difference  in  orientation 
between  the  adjoining  grains  was  aaall. 

8  Crack  formation  and  prorogation 

Figures  20-23  show  the  initiation  and  progress  of  fatigue  cracks  in 
an  Aluminium  i$>  Silver  alloy  specimen.  This  specimen  was  fatigued  at 
a  Ion?  stress  level  where  only  the  localised  form  of  crystallite  forma¬ 
tion  occurcd.  The  first  cracks  appeared  after  about  10  x  10°  rever¬ 
sals.  Figure  24  shows  cracks  at  X2000.  It  can  be  clearly  seen  that 
the  cracks  are  irregular  as  though  they  follow  snail  crystallite  boun¬ 
daries. 

Fatigue  and  crack  formation  in  alloys  at  higher  stress  levels  is 
however  a  different  process.  Figure  25  is  a  schematic  series  of  dia¬ 
grams  showing  the  sequence  of  events  leading  to  the  formation  of  a  crack 
at  a  high  stress  level  in  the  Aluminium  -  $  Silver  alloy.  The  fea¬ 
tures  observed  in  the  final  stage  are  shown  in  Figure  26  in  which  the 
root  of  the  crack  is  seen  to  bo  progressing  through  a  region  of  crystal¬ 
lites.  In  the  copper  specimens  the’  formation  and  propogation  of  cracks 
was  nearly  always  associated  with  the  twin  bands  os  shown  in  Figure  27- 

9  Reverse  bend  testa 


It  was  thought  that  a  few  reversals  of  bending  of  a  large  strain 
amplitude  might  produce  similar  changes  as  the  fatigue  stresses  had 
done.  The  form  of  epocimen  used  in  the  fatigue  studios  wore  used  for 
these  tests.  The  Aluminium  -  ^  Silver  alloy  specimens  were , given  one 
or  more  reverse  bends  of  +10°  and  examples  of  the  micro  structures  after 
bending  are  shown  m  Figures  28  and  29*  After  bending  the  specimens 
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were  repolished  to  remove  the  slip  bends  and  then  etched.  It  can  be 
seen  from  figures  23  that  after  only  2  bends  a  number  of  deformation 
bands  have  appeared.  Che  difference  in  orientation  of  the  bands  from 
the  remainder  of  the  crystal  can  be  seen  very  distinctly  where  different 
degrees  of  grain  boundary  etching  are  visible  at  the  ends  of  the  bands. 
This  effect  is  similar  to  that  sometimes  found  where  twin  bands  meet  a 
grain  boundary. 

Further  reverse  bends  resulted  in  the  more  or  less  continuous  bands 
breaking  up  into  a  number  of  fairly  veil  defined  crystallites  very  simi¬ 
lar  to  those  observed  in  the  fatigue  tests.  This  is  shown  in  figure  29. 

Reverse  bend  tests  on  copper  specimens  produced  many  small  clearly 
defined  crystallites,  again  similar  to  those  found  in  the  fatigued  speci¬ 
mens. 


10  The  strain/logN  curve  for  Aluminium  Silver  alloy 

The  observations  made  on  the  Aluminium  -  37$  Silver  specimens  have 
indicated  the  change  in  mode  of  deformation  which  occurs  under  differ¬ 
ent  degrees  of  cyclic  strain.  Diagram  I  shows  a  curve  in  which  the 
total  deflection  of  the  specimen  has  been  plotted  against  endurance. 

The  experiments  show  that  deformation  by  a  system  of  bands  is  confined 
to  the  lower  Stresses,  and  that  deformation  by  a  more  general  crystal¬ 
lite  formation  occurs  on  the  steeper  part  of  the  curve,  the  change  from 
one  form  to  tho  other  occurring  at  the  'Knee’  of  the  curve.  At  strain 
amplitudes  corresponding  to  this  region  combinations  of  the  two  forms 
of  deformation  are  present.  From  these  observations  it  was  possible 
to  state  in  general  terms  tho  fatigue  conditions  to  which  a  particular 
specimen  had  been  subjected. 

11  Discussion 


In  a  metallographic  study  of  the  effect  of  cyclic  strain  in  a  num¬ 
ber  of  metals  slip  bends  have  been  observed  at  all  stresses  whore  plas- 
tio  deformation  occurs.  At  high  stress  levels  tho  slip  is  accompanied 
by  deformation  bands  of  a  different  orientation  from  the  surrounding 
lattice.  On  the  basi3  of  the  observations  made  it  might  bo  inferred 
that  this  change  from  pure  slip  to  deformation  bonds  occurs  when  the 
’safe  range*-  for  the  metal  is  exceeded.  ,  Certainly  an  Aluminium  -  &fo 
Silver  specimen  which  foiled  at  150  x  1<r  cycles  showed  deformation 
bands.  No  such  bands  could  be  detect oS  on  specimens  which  had  been 
subjected  to  lower  stresses  without  causing  failure,  although  slip  bonds 
hed  been  apparent  on  these  specimens.  Whether  deformation  bands  would 
appear  at  some  extended  time  it  is  impossible  to  soy.  Tho  observations 
do  not  preclude  this  possibility  as  the  bands  are  not  necessarily  pro¬ 
duced  instantaneously  but  may  bo  produced  after  many  repetitions  of 
strain  on  certain  slip  pianos.  Reversals  of  a  high  strain  valuo  may 
very  rapidly  produce  deformation  bands  as  was  found  after  2  reverse 
bcnd3,  but  in  the  cose  of'  the  longer  life  specimens  it  scans  to  bo  a 
moro  prolonged  proooss  of  deformation.  These  bond3  rosanblo  twin  bands, 
and  it  scans  significant  that  cracking  starts  at- those  band3  while  cop¬ 
per  which  exhibits  annealing  twin  $  is  prene  to  cracking  along  twin 
bends.  These  deformation  bands  eventually  brook  up  into  snail  crystal¬ 
lites  so  that  cracks  which  form  and  follow  their  boundaries  are  of  on 
irregular  nature. 

»  Tho  deformation  characterised  by  bands  of  crystallites  formed  at 
tho  slip  planes  is  localised  in  tho  sense  that  no  largo  scale  movement 
of  tho  crystal  lattice  is  involved.  It  is' in  this  respect  that  tho 
difference  in  behaviour  of  the  higher  strvssos  becomes  most  apparent 
i.e.  Trhero  large  scalo  movement  of  the  metal  is  observed.  The  reason 
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for  this  difference  is  not  yet  understood,  but  the  higher  degree  of 
plastic  strain  per  cycle-  would  be  expected  to  produce  a  nore  widespread 
deformation,  although  tine  also  nay  be  an  inport  ant  factor.  The  contin¬ 
uous  formation  of  crystallites  under  high  cyclic  strain  appears  to  allow 
a  general  plastic  movement  of  material  presenting  the  appearance  shewing 
in  Figure  6.  Such  deformation  night  possibly  be  related  to  that  shown 
by  Tfood  to- occur  under  creep  stresses.  This  general  deformation  even¬ 
tually  leads  to  the  formation  of  a  deep  groove -and  at  a  later  stage,  a 
crack  develops.  The  formation  of  this  groove  and  the- increased  surface 
area  taken  up  by  the  formation  of  undulations  suggests  that  the  deforma¬ 
tion  under  cyclic  loads  is  greater  during  the  tension  part  of  the  cycle. 
Continuous  crystal  breakdown  in  the  hollows  will  cause  a  deepening  groove 
and  eventually  a  crack.  This  sequence  is  shown  in  Figure  25-  The 
region  of  crystal  breakdown  precedes  the  root  of  the  crack,  as  has  been 
described  earlier.  Thus  it  seems  from  the  observations  made  that 
fatigue  is  not  a  simple  strain  hardening  process  but  is  complicated- by 
the  formation  of  deformation  bands  and  crystallites  within  the  metal 
crystal.  This  phenomenon  is  most  marked  at  high  stress  levels  and  per¬ 
mits  a  continuous  plastic  movement  to  occur  while  it  is  in  progress.  It 
may  eventually  initiate  a  craek  by  forming  a  groove,  and  all  crack  pro¬ 
gress  appears  to  bo  associated  with  the  formation  of  a  zone  of  crystal¬ 
lites  ahead  of  tho  root. of  the  crack.  Until  more  is  known  about  the 
mechanical  properties  of  such  an  aggregate  of  small  crystallites  it  is 
hot  possible  to  estimate  their  effect.  If  they  are  softer  than  the 
surrounding  grains  it  nay  be  that  the  stress -concentration  at  the  root 
of  a  crack  entering  such  a  zono  is  lower  than  that  estimated  from  elastic 
theory,  and  this  may  account  for  the  observations  that  some  cracks  pro¬ 
gress  a  certain  distanoo  and  are  then  overtaken  by  other  cracks  which 
arc  formed  later.  Tho  presence  of  the  crystallites  nay  al so  contribute 
towards  prolonging  the  life  of  tho  specimen  by  deflecting  the  crack  into 
a  direction  parallel  to  that  of  the  applied  stress  and  thereby  reducing 
its  effectiveness  as  a  stress  raiser.  Tho  presence  of  branch  cracks  at 
the  root  of  the  main  crack  may  also  help  to  dissipate  the  3trcs3  concen¬ 
tration  in  this  region. 

12  Conclusions 

Three  materials  have  been  examined  under  fatigue  stresses,  Alumin¬ 
ium  -  Silver  alloy,  copper  and  Armco  iron. 

All  the  tests  have  shown  that  fatigue  cracking  is  procedcd  by  come 
foxm  of  crystallite  formation. 

Slip  bands  appear  at  all  stresses  down  to  well  below  tho  fatigue 
limit. 

Deformation  bands,  which  appear  to  bo  regions  having  a  slightly 
different  orientation  to  that  of  tho  parent  crystal,  were  observed  after 
2  reverse  bends  of  a  large  strain  amplitude.  At  lower  strains  tho 
bends  wore  observed  to  bo  formed  in  regions  of  slip,- the  process  taking 
a  relatively  long  timo.  It  is  those  deformation  bands  which  lator 
break  up  into  crystallites. 

At  tho  higher  strain  amplitudes  a  more  widespread  crystal  breakdown 
occurred  with  extensive  crystallite  formation.  This  process  allowed 
marked  disturbance  of  tho  surface  material  into  folds  or  undulations. 
Cracking  in  this  condition  was  preceded  by  a  continuously  deepening 
groove,  and  tho  cracks  progressed  into  a  region  where  crystallite  forma¬ 
tion  had  occurred.  This  was  also  true  of  tho  tests  conducted  at  lovor 
stresses-  in  which  a  erack  had  firmed,  because  tho  high  stress  concentra¬ 
tion  at  tho  root  of  tho  crack  produced  crystallito  formation. 
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Conper  exhibited  a  'mosaic'  background  structure  when  etched  after 
fatiguing.  The  degree  of  fineness  of  this  mosaic  seemed  to  depend  on 
the  stresses  involved.  Near  the  point  of  fracture  the  nosaic  structure 
could  only  just  be  resolved. 

xbconining  these  structures  in  relation  to  the  strair/logN  curve  it 
has  been  found  in  the  Aluminium  -  ^5  Silver  alloy  that  the  change  in  the 
slope  of  the  curve  coincides  with  the  chengc  in  typo  of  deformation. 

Harked  modification  of  the  grain  boundary  v&s  often  observed  where 
the  difference  in  orientation  between  neighbouring  grains  was  slight, 
especially  at  the  ends  of  deformation  bends. 
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